Phononic bandgaps of Parylene-C microfibrous thin films (µFTFs) were computationally determined by treating them as phononic crystals comprising identical microfibers arranged either on a square or a hexagonal lattice. The microfibers could be columnar, chevronic, or helical in shape, and the host medium could be either water or air. All bandgaps were observed to lie in the 0.01-162.9-MHz regime, for microfibers of realistically chosen dimensions. The upper limit of the frequency of bandgaps was the highest for the columnar µFTF and the lowest for the chiral µFTF. More bandgaps exist when the host medium is water than air. Complete bandgaps were observed for the columnar µFTF with microfibers arranged on a hexagonal lattice in air, the chevronic µFTF with microfibers arranged on a square lattice in water, and the chiral µFTF with microfibers arranged on a hexagonal lattice in either air or water. The softness of the Parylene-C µFTFs makes them mechanically tunable, and their bandgaps can be exploited in multiband ultrasonic filters.
Leaves are designed to transport nutrients across the neighboring cells, release carbon dioxide, and absorb sunlight, and some are capable of self-cleaning [6] . Skins of animals, including humans, hold the body parts in place and maintain the shape of the body, facilitate perspiration, hold hair for thermal insulation, and also provide the sense of touch. For a sustainable future [7] we need to decrease the use of single-function devices by devising and popularizing multifunctional devices. Some engineered products perform multiple functions; for example, printers copy, print, staple, email, and fax.
Although such products usually are conglomerations of many single-function devices, a few dual-function devices and structures have been reported. Examples include lightemitting diodes that also function as photodetectors [8] , and photonic-cum-phononic crystals [9] .
In the current age of miniaturization, many devices contain thin films for which fabrication techniques are well-known [10, 12, 11, 13] . Thin films can be so highly dense as to be considered homogeneous [10, 13] or can be porous with engineered morphology [11, 13] . Microfibrous thin films (µFTFs) of the polymer Parylene C are attractive as multifunctional materials [4] . The Parylene-C µFTFs are fabricated by a straightforward modification [15, 16] of the industrially used Gorham process [14] to coat various structures conformally with dense Parylene-C films [18, 19, 20] . Thus far, Parylene-C µFTFs comprising parallel and identical microfibers of upright circular-cylindrical, slanted-circular cylindrical, chevronic, and helical shapes have been fabricated [17] .
The water-wettability [21] , crystallinity [21] , ability to store electric charge [22] , glasstransition temperature [23] , and biocompatibility [17, 24] of Parylene-C µFTFs comprising slanted-circular cylindrical microfibers have been experimentally investigated.
If the identical microfibers are deposited on a topographic substrate decorated with a regular lattice [25, 26] , the Parylene-C µFTF could function as a phononic crystal [27, 28] . Phononic crystals are being investigated as acoustic sensors [29, 30] , isolators [31] , filters [32, 33] , waveguides [33] , and concentrators [34] . Most studies consider an array of solid/fluid scatterers in a fluid/solid medium, the scatterers being of simple shapes such as infinitely long cylinders [27] and spheres [35] . Also in these studies, the scatterers are arranged on either a square or a hexagonal lattice in two-dimensional space, or in either a face-or a body-centered cubic lattice in three-dimensional space.
As we were interested in investigating the µFTFs of Parylene C as ultrasonic filters, we determined their phononic-bandgap characteristics using the commercial finite-element-method (FEM) software COMSOL Multiphysics R (version 5.1) [36] .
We consider all microfibers in a µFTF to be identical and parallel. µFTFs comprising circular-cylindrical microfibers are referred to as columnar µFTF, and those with chevronic and helical microfibers as chevronic and chiral µFTFs, respectively. As
Parylene-C µFTFs are easily removable from topographic substrates [16], we consider the free-standing µFTF as a periodic arrangement of microfibers with the host medium as air, i.e., a phononic crystal with host as air. Furthermore, we also examine the phononic dispersion characteristics of the µFTF in water keeping biomedical research in mind [17, 24] . As Parylene C is a polymer rather than a hard material such as a metal, the Parylene-C µFTFs are very different from most phononic crystals reported in the literature [27, 28, 29, 30, 31, 32, 33, 34, 35] in that the Parylene-C µFTFs shall be tunable by the application of pressure [37] in the same way that liquid-crystal elastomers are [38, 39, 40] .
The plan of this paper is as follows. We describe the geometric details of the chosen µFTFs in Sec. 
Geometric Preliminaries
In a preceding study [41] , we investigated the scattering of an acoustic plane wave by a single finite-sized microfiber of Parylene C in water. The microfiber could be upright circular-cylindrical, slanted-circular cylindrical, chevronic, or helical in shape.
However, as a phononic crystal is considered to occupy all space for the purpose of 3 determining its phononic dispersion characteristics, only a simple rotation of the coordinate system is needed to see that a µFTF comprising slanted circular-cylindrical microfibers is identical to a µFTF comprising upright circular-cylindrical microfibers.
Hence, Parylene C µFTFs comprising upright circular-cylindrical, chevronic, and helical microfibers, shown in Fig. 1(a) , were chosen for investigation as phononic crystals. The upright circular-cylindrical microfiber is parallel to the z axis and of infinite length, so that the lattice is really two-dimensional, as shown in Fig. 1(b) . This lattice can be either square or hexagonal, the lattice dimension being denoted by a. The chevronic and chiral microfibers are periodic along the z axis with period b, the three-4 dimensional unit cells drawn on square and hexagonal lattices of dimension a, as shown in Figs. 1(c,d) . The chevron underlying the chevronic microfiber lies in the xz plane.
The helix underlying the chiral microfiber is curled about the z axis, the helix being either left-or right-handed. We took the chiral microfibers to be right-handed for all calculations reported here. The microfiber diameter is denoted by d in Figs. 1 
The microfiber dimensions shown in Fig. 1 Since the the inter-microfiber space in as-fabricated µFTFs is occupied by air, we studied the phononic crystals with air as the host medium. Keeping their biomedical applications in mind [17, 24] , we also studied the phononic crystals with water as the host medium.
Theoretical Preliminaries
The unit cell Ω is two-dimensional for columnar µFTFs ( Fig. 1(b) ), but threedimensional for chevronic µFTFs and chiral µFTFs (Figs. 1(c-d) ). The unit cell is also the domain of all calculations for phononic crystals. The displacement phasor u(r) in an isotropic material is governed by the Navier equation [42] [
5 where the Lamé parameters λ(r) and µ(r) as well as the mass density ρ(r) are piecewise continuous as follows:
Both traction and displacement were set to be continuous across every interface.
The Floquet-Bloch periodicity condition [43] was imposed, as appropriate, on the boundaries of the unit cell. With k = k xx + k yŷ + k zẑ denoting the wave vector, the displacement, the mass density, and the Lamé parameters are expanded as the Fourier
where the Fourier coefficients ρ G , λ G , and µ G are known, but u G is unknown for all
} is the triad of basis vectors of the reciprocal lattice space, whereas the integers n ℓ ∈ (−∞, ∞) for all ℓ ∈ {1, 2, 3}. If {a 1 , a 2 , a 3 } is the triad of basis vectors of the lattice, then the vectors
is the volume of Ω. The Fourier coefficients γ G of γ ∈ {ρ, λ, µ} are given by [44] 
After noting that
is the Dirac delta, we get
where the filling fraction p is the ratio of the volume V A of A to V Ω and the structure function
In the planewave expansion method (PWEM) [35] , substitution of Eqs. (3) in Eq. (1), followed by restricting n ℓ ∈ [−N, N ] for all ℓ ∈ {1, 2, 3} with a sufficiently large natural number N for computational tractability, yields a set of linear algebraic equations for u G . This set can be be cast as a matrix eigenvalue problem [35] . The eigenvalues (i.e., the eigenfrequencies) can be evaluated using MATLAB R [45] (version R2012a)
when both the microfiber (or any other scatterer) and the host medium are solids. However, if either the scatterer medium or the host medium is a fluid, then either µ s = 0 or µ h = 0, resulting in a large sparse matrix which is ill conditioned [46] . As µ h = 0 for our problem, as noted in Sec. 2, the PWEM could not be used, and we used the commercial FEM software COMSOL Multiphysics R . For the square lattice regardless of the microfiber shape, a 1 = ax, a 2 = aŷ, and a 3 = bẑ; for the hexagonal lattice for columnar and chiral µFTFs, 
Methodology

Implementation for µFTFs
The domain and boundary conditions mentioned in Sec. 3 were implemented in COMSOL Multiphysics R , for the unit cells shown in Fig. 1 . We imposed the FloquetBloch periodic conditions by setting k = k F , where For the unit cells of the chevronic and chiral µFTFs, the 'Mapped mesh' was set on two faces whose normals are a 1 × a 3 and a 2 × a 3 , and a 'distribution' of 12 elements was set on all the edges of these two faces. Next, the mapped mesh on these faces was copied to the opposite faces. A 'Free Quad' mesh was set on the faces parallel to which a 1 × a 2 is normal, on both the microfiber and host. All these meshed faces were 'Converted' by the 'Element Split method' via the Insert diagonal edges option.
Thereafter, the 'quad mesh' on the bottom face was copied to the opposite face and a 'Free Tetrahedral' mesh was set within the entire domain. For all unit cells, initial checks were made with every microfiber to verify the sufficiency of Predefined: Fine mesh over Predefined: Finer mesh. With either kind of mesh, the convergence value was less than 10 −6 . As the computation time was faster for a Predefined: Fine mesh than for the Predefined: Finer mesh, we chose the former for all calculations.
The 'parametric sweep' option was used to determine the set of eigenfrequencies of every unit cell for different choices of k F . For every k F , 20 eigenfrequencies were determined with a 'search method around shift' as larger real part around 10 6 Hz.
Based on a perusal of the literature, this constraint is in accord with the conjecture that any eigenfrequency in a bandgap is likely to fall in the range [0, 2c h /a],where c h ≡ (λ h + 2µ h )/ρ h is the longitudinal-wave speed in Ω − A. This constraint also determined the highest frequency for each of the band diagrams presented in this paper.
In the 'solver configuration' option, the 'search method around shift' was set as 'closest in absolute value' option with the 'transformation value' as 10 6 . The MUltifrontal Massively Parallel Sparse (MUMPS) [51] direct solver provided in COMSOL was used with a memory allocation factor of 1.2. 
Validation of methodology
To validate the numerical procedure implemented in COMSOL Multiphysics were considered. Since a 1 = ax, a 2 = aŷ, and a 3 = aẑ for the simple cubic lattice,
, p = (4π/3)(R/a) 3 , and
where G = |G|. The corresponding IBZ is the path connecting Γ (i.e., G = 0), X (i.e.,
, and R (i.e., G = b 1 /2+b 2 /2+b 3 /2).
As the sphere in the unit cell does not touch the boundary of the unit cell, the following meshing procedure was used for FEM implemented in COMSOL Multiphysics R .
A 'user-controlled mesh' of fine quality was set for the entire geometry. A 'Mapped mesh' was set on three faces whose normals are a 1 , a 2 , and a 3 and a 'distribution' of 12 elements on all the edges of these three faces. All these meshed faces were 'Converted' by the 'Element Split method' via 'Insert diagonal edges,'a 'Free Tetrahedral' mesh was set in Ω, and the eigenfrequencies were evaluated over the IBZ. Also, for comparison, the PWEM [35] , described in Sec. 3, was implemented using MATLAB R to determine the eigenfrequencies of the unit cell. Figs. 5(a) and (b), respectively, show the band diagrams obtained using the FEM and PWEM. Despite some differences, we found very good agreement between the two band diagrams, which thus provided confidence in our COMSOL Multiphysics R implementation.
Results and Discussion
Let us now present band diagrams for the Parylene-C µFTFs of each of the three morphologies in Fig. 1 calculated using the following constitutive parameters: 
The viscoelastic parameters of Parylene C were ignored, as they are not known at high frequencies [41] . Apart from a trivial eigenfrequency of 0 Hz (at Γ in band diagrams), all eigenfrequencies found exceeded 0.01 MHz. 
Columnar µFTF
The IBZ of a 2D unit cell for columnar µFTFs, with the upright circular-cylindrical microfibers of Parylene C arranged on either a square or a hexagonal lattice has a total of three paths. The band diagrams for the chosen columnar µFTF with the host medium being either water or air are shown in Figs. 6(a)-(d) .
When the host medium is water, we found 6 partial bandgaps for the square lattice in the [0.5, 120.7] MHz range and 6 partial bandgaps for the hexagonal lattice in the [1.6, 162.9] MHz range, but no complete bandgap is evident in Figs. 6(a,b) .
When the host medium is air, we found 3 partial bandgaps for the square lattice in the Fig. 6(a) . Likewise, the peaks at 106, 146, and 165 MHz can be respectively correlated to the bandgaps 1 , 4 , and 6 in Fig. 6(b) . However, we were unable to correlate all bandgaps in Figs. 6(a,b) to the peaks in the spectrum of Q b , which indicates that the scattering response of a solitary unit cell is of limited usefulness in explaining the bandgaps of a phononic crystal.
In the four band diagrams shown in Fig. 6 , we observe that the group speed v g ≡ 13 dω/dk F ∼ 0 on certain bands. A zero group speed indicates that there is no energy flow. For a specific path in the IBZ, such eigenfrequencies often fall on a horizontal or a quasi-horizontal band. A flat band (for which v g ≃ 0) arises due to a local resonance,
i.e., the resonance of an isolated unit cell [53, 54] . We observe that some, but not all, bandgaps lie immediately above and/or below a flat band in Figs. 6(a)-(d) . Only a bandgap that lies above and/or below a flat band can be correlated to a local resonance.
That is the reason why the bandgap 6 in Fig. 6(a) and the bandgaps 1 , 4 , and 6
in Fig. 6 (b) could be correlated to the peaks of Q b identified in the predecessor study [41, Fig. 8(a) ], but the bandgaps 1 -5 in Fig. 6 (a) and the bandgaps 2 , 3 , and 5 in Fig. 6 (b) could not be similarly correlated.
Let us also note that the local resonances underlying the flat bands cannot be due to absorption. This is because all materials have been taken to be nondissipative, as is clear from the first paragraph of Sec. 5. 
Chevronic µFTF
The IBZ of a 3D unit cell for chevronic µFTFs has a total of 12 paths, whether the lattice is square or hexagonal. The band diagrams for the chosen chevronic µFTF with the host medium being either water or air are shown in Figs. 7(a)-(d) .
When the host medium is water there is a complete bandgap (13.4-29.7 MHz) for the square lattice; see Fig. 7(b) . This complete bandgap is made of 12 partial bandgaps.
In other words, the chevronic µFTF is the ultimate bandstop filter, because it does not allow transmission for any incidence direction in that spectral regime, provided that it is sufficiently large in all directions. For many, but not all, paths, the complete bandgap widens to 10.1-34.7 MHz. No other complete bandgap is evident in Fig. 7 .
The host medium has two distinct effects on the bandgaps, as can be gleaned by Regardless of the host medium, the chevronic µFTF has many more partial bandgaps for many symmetric paths of the IBZ than the columnar µFTF. Thus, the former is much more suitable than the latter as a multiple-bandstop filter.
In a predecessor study on the planewave-scattering characteristics of a single chevron of Parylene C in water [41, Fig. 8(c) ], several peaks in the spectrum of Q b were found. The spectral locations of these peaks depend on the direction of propagation of the incident plane wave. We found that a partial bandgap (77.2-85.7 MHz) for the path ΓX in Fig. 7(a) can be correlated to a Q b -peak at 82 MHz, a partial bandgap (76.9-85.8 MHz) for the path ΓY in Fig. 7(a) can be correlated to a Q b -peak at 82 MHz, and a partial bandgap (115.7-119.8 MHz) for the path ΓY in Fig. 7(a) can be correlated to a Q b -peak at 118 MHz, but no other correlation was found for the square lattice.
A similar exercise for the hexagonal lattice was infructuous, thereby reaffirming that the resonances of a solitary unit cell can explain some but not all of the bandgaps of a phononic crystal.
Let us also note that the band diagrams in Fig. 7 do not change if the chevronic µFTF is rotated about the z axis by 90 • , i.e., when the chevrons lie in the yz plane instead of the xz plane.
Chiral µFTF
The IBZ of a 3D unit cell for chiral µFTFs has a total of 9 paths, whether the lattice is square or hexagonal. The band diagrams for the chosen chiral µFTF with the host medium being either water or air are shown in Figs. 
8(a)-(d).
When the host medium is water, there is a complete bandgap (3.1-4.6 MHz) for the hexagonal lattice, as is evident from Fig. 8 If all structurally right-handed helical microfibers were to be replaced by their structurally left-handed counterparts, the Brillouin zone and hence the IBZ would remain unchanged [55, Fig. 1 ]. Hence, the eigenfrequencies and the bandgaps would be the same, regardless of the structural handedness of the chiral µFTF.
Stability of band diagrams
Several flat bands exist in the band diagrams shown in Figs. 6, 7, and 8, each flat band being indicating of a local resonance [53, 54] . Among the four choices for the combination of the lattice and the host medium, the phononic crystal comprising microfibers arranged in a hexagonal lattice and immersed in air was found to have many flat bands. Furthermore, the band diagrams contain many partial and few complete bandgaps. Bandgaps are attractive for filtering applications, because of either appreciable insensitivity (in the case of a partial bandgap) or total insensitivity (in the case of a complete bandgap) to the direction of propagation of the plane wave incident on a Let us now present the results of a representative perturbation-that of the filling fraction p on the band diagrams, the host medium being air. For this investigation on a specific band diagram, we selected one path of the IBZ containing a large number of flat bands, and computed the band diagram for the same path by altering the microfiber diameter d in order to change p, whereas a, b, and β (as applicable) were left unaltered.
The calculated band diagrams for p varying by about ±12% are shown in Fig. 9 . In each row of this figure, the center panel is the band diagram for the unaltered p (Fig. 1), whereas the left and right panels are band diagrams for lower and higher values of p,
respectively. The eigenfrequencies vary by no more than ±5% for p varying by about ±12%. The flat bands remained virtually unchanged, thereby confirming that they are due to local resonances [53, 54] . Also, the bandgaps change by less than ±6% for the p-variations considered. We concluded from these and other numerical results that manufacturing variations will not drastically affect the performances of the phononic crystals under consideration.
Discussion
As compared to scatterers of simple shapes such as circular cylinders [27] Surface-acoustic-wave (SAW) devices often used for mobile and wireless communications [58] , operate in the 0.1-1000-MHz regime. These devices are also used in microfluidics [59] . The manufacture of SAW devices requires a series of steps in a layer-by-layer procedure, as well as the fabrication of an intricate pattern of metallic interconnects [60] . Given the large number of bandgaps on various paths of the IBZs in Secs. 5.1-5.3, we propose that Parylene-C µFTFs fabricated over piezoelectric substrate can be used as SAW filters.
Based on Figs. 6 to 8, we note that our Parylene microfibrous thin films have bandgaps in the 1-160-MHz regime. Since ultrasonic transducers operate in the 0.5-25-MHz regime [61] , Parylene-C µFTFs can be cascaded onto these transducers to filter out specific spectral regimes. Thus, Parylene-C µFTFs can be classified as lowfrequency ultrasonic filters and thin-film bulk acoustic resonators. We have numerically ascertained that bandgap engineering is possible by changing the filling fraction p, but that issue lies outside the scope of this paper.
Parylene C is more amorphous in its microfibrous form than in its bulk form [21] , indicating that the Parylene-C µFTFs are softer than the bulk Parylene C. Since the µFTFs are softer, the distance between adjacent microfibers can easily be adjusted by the application of an external pressure or strain [37, 62] , similar to tunable photonic crystals [63] and cholesteric elastomers [38, 39, 40] . As the bandgaps can therefore be dynamically tuned for every combination of microfiber morphology and lattice, Parylene-C µFTFs can be called soft tunable phononic crystals.
Concluding Remarks
Parylene-C microfibrous thin films were treated as phononic crystals comprising identical microfibers arranged either on a square or a hexagonal lattice. The microfibers could be columnar, chevronic, or helical in shape, and the host medium could be either water or air.
For these µFTFs with microfibers of realistically chosen dimensions [41] , all the bandgaps were observed to lie in the 0.01-162.9-MHz regime. Complete bandaps were observed for the following µFTFs: (i) columnar µFTF with microfibers arranged on a hexagonal lattice in air, (ii) chevronic µFTF with microfibers arranged on a square lattice in water, and (iii) chiral µFTF with microfibers arranged on a hexagonal lattice in either water or air. The upper limit of the frequency of bandgaps was the highest for the columnar µFTFs and the lowest for the chiral µFTFs. For all µFTFs partial bandgaps along many symmetric directions were found. The number of partial bandgaps was higher when the host medium is water than air.
The obtained bandgaps for all the Parylene-C µFTFs suggests their possible use as multi-band bulk-acoustic-wave filters. These filters can be used in conjunction with ultrasonic transducers as well as surface-acoustic-wave devices. By patterning the substrates a higher inter-microfiber distance could be achieved and the desired bandgaps in the lower MHz regime can be obtained. Furthermore, the low elastic modulus of Parylene C also makes the µFTFs suitable for mechanical tuning. We are currently investigating the terahertz photonic properties of these engineered micromaterials, and plan to extend our work to other parylenes such as Parylene N [64] .
